Arteries generally have a trilayered structure, consisting of a monolayer of endothelial cells (ECs) on the luminal side, multiple lamellae of vascular smooth muscle cells (VSMCs) in the middle, and a layer of connective tissue and fibroblasts in the outer layer. The relative and absolute thickness of each layer depends on the location in the vascular tree ([@r1], [@r2]). In a healthy homeostatic state, VSMCs demonstrate the contractile phenotype, which is crucial for regulating vascular tone and overall vascular functionality ([@r3], [@r4]). Upon alterations in the hemodynamic environment, VSMCs have the capacity to dedifferentiate into the synthetic phenotype to induce vascular growth and remodeling and restore the equilibrium configuration ([@r5], [@r6]). Understanding how this phenotypic plasticity of VSMCs is influenced/regulated by hemodynamic stimuli is essential for understanding healthy vascular development and pathogenesis.

It is generally accepted that mechanical factors play a pivotal role in vascular morphogenesis and adaptation. A central hypothesis is that both processes occur to obtain or maintain mechanical homeostasis ([@r7][@r8][@r9][@r10]--[@r11]). However, the biological mechanisms that regulate mechanical homeostasis are poorly understood due to the complex and dynamic interplay between mechanics and tissue adaptation, and the spatial heterogeneity of the processes involved. In the context of phenotypic plasticity of VSMCs, it is unclear how mechanical cues interact with the responsible signaling pathways, and what the potential impact of these interactions is on the establishment and preservation of vascular homeostasis, that is, when VSMCs express the contractile phenotype.

The Notch signaling pathway is also known as a key regulator of multiple aspects of cardiovascular morphogenesis ([@r12][@r13][@r14][@r15]--[@r16]). Notch signaling is initiated by the interaction between the Notch receptors (Notch1 to Notch4) and ligands, Delta (Dll) or Jagged, presented on the cell membrane of juxtaposed cells ([@r17]). Notch plays a critical role in homeostasis and remodeling of the vascular wall ([@r12][@r13][@r14][@r15]--[@r16]), where VSMCs mainly express receptors Notch1, Notch2, and Notch3, and the ligand Jagged1, whereas ECs express the ligands Jagged1, Dll4, and to some extent in remodeling vasculature Dll1 ([@r18], [@r19]). Endothelial Jagged typically activates Notch in neighboring VSMCs, which subsequently induces propagation of Jagged--Notch signaling throughout the VSMC lamellae through the process of lateral induction ([@r14], [@r20]). The propagation of Notch signaling is crucial for regulating VSMC phenotype throughout the vascular wall, and hence is a critical phenomenon for inducing differentiation of the complete VSMC layer toward the homeostatic contractile phenotype ([@r14]).

Collectively, previous observations suggest that mechanical factors and Notch signaling strongly affect vascular morphogenesis and homeostasis. In fact, as Notch activation is force-dependent and links to the cytoskeleton, a key mechanosensor of the cell ([@r21][@r22][@r23][@r24][@r25][@r26][@r27][@r28]--[@r29]), it can be anticipated that Notch signaling and mechanics are interdependent. We hypothesize that mechanosensitivity of the Notch signaling pathway might be a key biological mechanism responsible for mechanical homeostasis. The studies published to date indeed point to an interrelation between Notch signaling and mechanics ([@r29][@r30][@r31]--[@r32]), but are inconclusive as to the potential implications of this interdependency on vascular morphogenesis and homeostasis. Due to the complex, dynamic interactions between mechanics, Notch signaling, and the vascular architecture, computational modeling is required to predict and understand the impact of mechanosensitivity of Notch signaling on the differentiation state of VSMCs and vascular homeostasis.

Here, we have integrated experimental studies with computational modeling to obtain an understanding of how mechanics (e.g., stress and strain as experienced by VSMCs during hemodynamic loading) and Jagged--Notch signaling integrate in the establishment of vascular homeostasis. Our experimental data confirm that the expression of Notch3, Jagged1, and Notch target genes in VSMCs decreases with the degree of mechanical strain imposed onto the cells. Translation of these findings into a computational model of Jagged--Notch signaling in the vascular wall reveals that the onset of VSMC differentiation depends on the thickness of the VSMC layer. Strikingly, a switch-type behavior with a clear transition thickness between predominantly synthetic and contractile VSMCs was predicted, which likely represents a homeostatic mechanical state. This homeostatic thickness arising from the mechanosensitivity of Jagged--Notch signaling was predicted to be different for different locations in the vascular tree, and in close agreement with the actual differences in human arterial wall thickness observed in vivo. These findings therefore support our hypothesis that mechanosensitivity of Notch signaling plays an important role in the establishment of vascular homeostasis.

Results {#s1}
=======

Expression Levels of Jagged1 and Notch3 by VSMCs Decrease with Mechanical Strain. {#s2}
---------------------------------------------------------------------------------

To investigate the response of Notch signaling to mechanical stimuli, we performed mechanical stretch experiments. VSMCs were stretched radially for 24 h, and analyzed for Notch receptor and ligand mRNA expression, as well as for the downstream target genes HES, HEY1, and HEY2. We imposed strains between 1% and 9% onto the VSMCS, and quantified the strain per sample by Global Digital Image Correlation (GDIC) ([Fig. 1](#fig01){ref-type="fig"}). Of the Notch receptors, only Notch3 showed a strain-induced decrease ([Fig. 2*A*](#fig02){ref-type="fig"} and [Table 1](#t01){ref-type="table"}). The only ligand with a significant strain-induced expression reduction was Jagged1 ([Fig. 2*B*](#fig02){ref-type="fig"} and [Table 1](#t01){ref-type="table"}). Interestingly, the Notch target genes HES1, HEY1, and HEY2 all displayed stronger strain-responsive down-regulation than the Notch receptors and ligands, implying a nonlinear relation between the mechanosensitivity of Notch component expression and their downstream target genes ([Fig. 2*C*](#fig02){ref-type="fig"} and [Table 1](#t01){ref-type="table"}).

![Stretch applied to each sample was quantified using video recording. Bottom surfaces of the flexible membranes were marked with graphite for tracking, and frames at (*A*) minimal and (*B*) maximal displacement were extracted. Analysis by GDIC resulted in the displacement field and corresponding stretch ($\lambda$) at (*C*) minimal and (*D*) maximal displacement. (*E*) Per cycle, 10 frames were analyzed to determine the maximal stretch.](pnas.1715277115fig01){#fig01}

![Gene expression levels of (*A*) Notch receptors, (*B*) ligands, and (*C*) target genes as a function of the strain imposed on the VSMCs and normalized with respect to gene expression levels in the absence of strain. Red lines indicate the fits through the data, and $p$ values correspond to the significance level of the Spearman correlation coefficient.](pnas.1715277115fig02){#fig02}

###### 

Effect of strain on expression levels of Notch receptors, ligands, and target genes

  Parameter                          Notch1   Notch2   Notch3        DLL1   Jagged1       HES1          HEY1         HEY2
  ---------------------------------- -------- -------- ------------- ------ ------------- ------------- ------------ ------------
  Spearman correlation coefficient   −0.05    −0.06    $-$ *0.75*    0.20   $-$ *0.61*    $-$ *0.65*    $-$ *0.47*   $-$ *0.40*
  $P$ value                          0.74     0.73     $<$ *0.001*   0.22   $<$ *0.001*   $<$ *0.001*   $<$ *0.01*   $<$ *0.01*
  *A* \[−\]                          0.15     0.66     **−5.79**     3.81   **−4.17**     −11.59        −9.22        −6.19

Significant correlations (*P* \<0.05) are indicated in italic. Parameter *A*, defining the strength of mechanosensitivity, followed from fitting the experimental data with the exponential function *y* = exp(*Ax*) (parameters included in model indicated in bold).

To quantify the mechanosensitivity of the mRNA levels of VSMCs, exponential curves of the form $y = {\exp{({Ax})}}$ were fitted through the data ([Fig. 2](#fig02){ref-type="fig"} and [Table 1](#t01){ref-type="table"}), and served as input for the computational model. Here, $y$ is the normalized expression level compared with the absence of strain, $x$ is the average Green--Lagrange strain imposed on the VSMCs, and $A$ represents the strength of mechanosensitivity (gene-specific).

A Computational Model to Predict Notch Signaling in the Vascular Wall. {#s3}
----------------------------------------------------------------------

To understand and predict the potential implications of mechanosensitivity of the Notch signaling pathway in vascular adaptation and homeostasis, we developed a computational framework by building on the earlier theoretical works devised by Sprinzak et al. ([@r33]) and Boareto et al. ([@r34]) that predict the dynamics of the Notch signaling pathway in juxtaposed cells. As these frameworks have been described and analyzed extensively before, here we only describe the fundamental principles of the framework. The mathematical treatment is provided in [*Materials and Methods*](#s7){ref-type="sec"}.

Briefly, the model of Boareto et al. ([@r34]) includes the *cis* and *trans* interactions of both the ligands Delta and Jagged with the receptor Notch ([Fig. 3*A*](#fig03){ref-type="fig"}), where *cis* interactions are defined as interactions between ligands and receptors within the same cell and *trans* interactions constitute the interactions between ligands and receptors located on different cells ([@r33], [@r35][@r36]--[@r37]). *Cis* interactions are assumed to lead to degradation of both the interacting ligands and receptors. Although *cis* inhibition does not need to be symmetric ([@r35]), inactivation of the Notch receptor is well known, and inhibition of Notch alone leads to similar predictions in terms of cell state as mutual inhibition ([Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)). *Trans* interactions induce a cleavage of the Notch receptor and the release of the Notch IntraCellular Domain (NICD) in the receiving cell. Since NICD is translocated to the nucleus to activate Notch target genes ([@r33], [@r35][@r36]--[@r37]), the NICD content is used in the model to define the state of the cell as either a Sender (S, low NICD levels), a Receiver (R, high NICD levels), or a hybrid Sender/Receiver state (S/R, NICD levels in between S and R) ([@r34]). Delta--Notch and Jagged--Notch interactions affect the cell state in different manners, due to the fact that NICD suppresses Delta and activates Jagged and Notch expressions. Consequently, Delta--Notch signaling typically induces the adoption of distinct states of adjacent cells in the vascular system ([@r38]), whereas Jagged--Notch signaling leads to the adoption of similar cell states ([@r14], [@r39]). The effect of intracellular Fringe on the binding affinity of Notch with either Jagged or Delta was not considered in the present study, as the role and regulation of Fringes in VSMCs are unclear. Moreover, the inclusion of Fringe as proposed by Boareto et al. ([@r34]) would not lead to notable differences in results with the current parameter settings, as Delta expression is extremely low compared with Jagged expression, and Fringe affects *cis* and *trans* interactions in a similar way ([Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)).

![(*A*) Schematic representation of the protein interactions included in the theoretical framework. (*B*) Geometry specifications in the 1D modeling approach. Predicted (*C*) individual and (*D*) percentages of cell states for different wall thicknesses. Predicted (*E*) individual and (*F*) average protein contents for different wall thicknesses. molec, number of molecules.](pnas.1715277115fig03){#fig03}

As our experimental data only concerned VSMCs, we restricted our numerical predictions to Notch signaling in muscular arteries where VSMCs are the dominant component. We considered a 1D cross-section of the vascular wall, consisting of one EC on the luminal side, and multiple layers of VSMCs toward the outer end of the vessel ([Fig. 3*B*](#fig03){ref-type="fig"}). For the VSMCs, we adopted the same parameter values as in Boareto et al. ([@r34]), except for the expression of Delta, which was set to a low value in correspondence with experimental observations ([@r18]). The EC was included, as its Jagged content is hypothesized to provide the kickoff for the lateral induction of Jagged--Notch signaling ([@r14], [@r20]). The EC Jagged content was assumed to be constant with time and equal to the average Jagged content in VSMCs as predicted by the computational model. In line with the hypothesized mechanism for lateral induction ([@r14], [@r20]), the Jagged distribution in VSMCs was hypothesized to be polarized toward the neighboring VSMC. In this way, the model intrinsically incorporates the two modes of Jagged--Notch signaling where NICD levels of VSMCs close to the EC depend on the EC Jagged content (first mode), and VSMC NICD levels farther away from the EC primarily depend on the VSMC Jagged contents (second mode). Differences in Jagged content between the EC and VSMCs may thus lead to different degrees of signaling within the arterial wall ([Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)). In terms of defining the cell state of VSMCs, we adopted the same thresholds as in Boareto et al. ([@r34]), where NICD levels of \<100 molecules represent the S state, levels of \>300 molecules represent the R state, and levels in between those thresholds are assumed to represent the S/R state. Related to the physiological context, the S state of VSMCs was assumed to correspond to the synthetic phenotype, and the S/R state represents the quiescent, contractile phenotype corresponding with the homeostatic state ([@r40]). To confirm that our VSMCs do show Notch activity-dependent contractility markers, we exposed VSMCs to Jagged1, resulting in Notch target gene production, Notch3 and Jagged1 induction, and $\alpha$SMA production ([Fig. S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)).

We first performed simulations without the incorporation of mechanosensitivity, to obtain a general understanding of the process of lateral induction of Jagged--Notch signaling in the vascular wall without mechanosensitivity. Simulations with different wall thicknesses \[1 to 100 VSMC layers corresponding with a media thickness of 0.01 mm to 1 mm ([@r41])\] revealed that the S/R state is predicted by the model for all VSMCs regardless of the adopted wall thickness ([Fig. 3 *C* and *D*](#fig03){ref-type="fig"}). This suggests that, with the current model assumptions, the number of cells in the signaling cascade does not affect the equilibrium state of individual cells, so, in other words, there is no spatial limit for the lateral induction process. Consequently, there appears to be no preference for a vessel to adopt any specific wall thickness, as all situations would lead to homeostasis, that is, all cells have the contractile phenotype. Our result therefore indicates that there would be no stimulus for continued development in response to changes in hemodynamics or during morphogenesis, as the homeostatic contractile state is already present from the start.

The signaling cascade and subsequent equilibrium states of the VSMCs in the simulations depend on the Jagged, Delta, Notch, and NICD contents in each cell. At equilibrium, the protein levels of individual cells were fairly homogeneous throughout the vascular wall, with only minor spatial variations in protein contents near both ends of the vessel ([Fig. 3*E*](#fig03){ref-type="fig"}). Jagged was predicted to be the most abundant protein in VSMCs, with Notch contents being fourfold lower than Jagged. Delta was hardly present, and the NICD content was well within the S/R range. Additionally, the average protein contents in the wall hardly varied with wall thickness ([Fig. 3*F*](#fig03){ref-type="fig"}). Minor variations were only predicted for the lower range of thicknesses, which can be explained by boundary effects that diminish with increasing wall thickness. Altogether, these predictions with a 1D framework suggest that the VSMC state and presence of homeostasis do not directly depend on wall thickness, as there appears to be no spatial limit for the feed-forward of Jagged--Notch signaling via lateral induction.

Mechanosensitivity of Jagged--Notch Signaling Is Predicted to Induce a Switch-Type Behavior in Vascular Homeostasis. {#s4}
--------------------------------------------------------------------------------------------------------------------

From the principle of force equilibrium, it can be derived that the average circumferential stress in an artery satisfies Laplace's law, where the stress is expressed as a function of the pressure applied to the luminal side of the vascular wall, and the radius and wall thickness of the artery ([@r41]). As stress and strain are related via constitutive relations, it follows that strain-dependent gene expressions of the Notch signaling pathway may affect the states of VSMCs in the arterial wall, depending on its geometry and hemodynamic conditions. To investigate these potential implications of Notch mechanosensitivity on vascular homeostasis, we incorporated the experimentally observed relations between gene expressions and strain into our computational framework, if a significant correlation between gene expression and strain was found (Notch3 and Jagged1). For this, a simplified approach was adopted by assuming a linear relation between stress and strain to translate the experimental strains into the estimated stresses in the computational model (see [*Materials and Methods*](#s7){ref-type="sec"} for details).

We used quantitative information on arterial geometry \[internal radius and intima-media thickness (IMT)\] and in vivo strains as reported for the carotid artery to estimate this relationship between in vivo stresses and strains, where we discriminated between relatively young and older subjects, as different ranges of IMT were found depending on the age of the subjects ([Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)). Next, simulations were performed for different types of arteries featuring different luminal sizes and wall thicknesses ([Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)) to understand how mechanical factors may affect vascular homeostasis depending on the artery of interest, based on the identified stress--strain relationships for relatively young and older subjects. For each artery, we assumed that the systolic pressure equaled 16 kPa (common systolic brachial artery pressure) and set the lumen radius to the average value reported in the literature ([Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)). Wall thickness was varied between 1 and 100 VSMCs for each case to vary the mechanical state in the model and predict its effect on vascular homeostasis, meaning that the IMT in the model varied between 0.02 mm and 1.01 mm (assuming that the EC and VSMCs have a thickness of 0.01 mm).

When the stress--strain relationship and radii reported for the carotid artery, common femoral artery (CFA), superficial femoral artery (SFA), and brachial artery of relatively young subjects were used, the model predicted that all VSMCs adopt the S state in case of extremely low wall thicknesses, whereas the S/R state was predicted at high wall thicknesses ([Fig. 4 *A--H*](#fig04){ref-type="fig"}). The R state was not predicted in any of the investigated situations. More specifically, at relatively low wall thicknesses for each artery, either none or only the first one or two VSMCs on the luminal side of the arterial wall were predicted to adopt the S/R state as a result of EC Jagged signaling, indicating that lateral induction is inhibited in these situations due to the reduced Notch and Jagged expression by VSMCs in response to high mechanical stress. Strikingly, this inhibition of lateral induction was suddenly resolved upon reaching a certain transition thickness, leading to the adoption of the S/R state in (almost) all of the VSMCs beyond this thickness. The model therefore suggests that sensitivity of the Notch signaling pathway appears to induce a switch-type behavior regarding the presence of vascular homeostasis, depending on the wall thickness and corresponding mechanical state of the artery. Importantly, this predicted transition thickness varied across the investigated arteries, in line with their differences in luminal radius, and was in close agreement with the IMT values of human subjects reported in the literature ([Fig. 4*I*](#fig04){ref-type="fig"}), where the best and worst correspondences were found for the brachial artery (predicted transition thickness of 0.29 mm vs. a measured IMT of 0.28 mm) and the CFA (predicted transition thickness of 0.72 mm vs. measured IMT values of 0.41 to 0.54 mm), respectively ([Fig. 4*I*](#fig04){ref-type="fig"} and [Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)).

![Predictions of Notch signaling in the vascular wall using the stress--strain relationship derived for relatively young individuals. Individual and percentages of cell states for different wall thicknesses of the (*A* and *B*) carotid artery, (*C* and *D*) CFA, (*E* and *F*) SFA, and (*G* and *H*) brachial artery. (*I*) Percentage of S/R state VSMCs in the model (solid lines) in comparison with the reported range of IMT values for different arteries (shaded areas; see [Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)). (*J*) Average protein contents as a function of wall thickness as predicted for the different arteries. *A*, *C*, *E*, and *G* represent the results of individual simulations, where alternating cell states may randomly occur around the transition thickness as slightly varying NICD levels are close to the S-S/R threshold. *B*, *D*, *F*, *H*, *I*, and *J* are based on the results averaged over 25 simulations. molec, number of molecules.](pnas.1715277115fig04){#fig04}

Regarding the average protein levels of the VSMCs as a function of wall thickness, Notch and Jagged were almost absent at low wall thicknesses, due to the reduced protein expressions ([Fig. 4*J*](#fig04){ref-type="fig"}). The absence of Notch inherently resulted in an absence of NICD and the establishment of a certain Delta level. An increase in wall thickness was associated with a steep increase in both Notch and Jagged contents that varied per artery depending on its mechanical conditions. Within the investigated range of wall thicknesses, Notch levels appeared to rise monotonically with wall thickness, where a stabilization in Notch content occurred at high thicknesses in the situation of the brachial artery. Jagged levels all decreased after the steep initial increase, followed by either a stabilization in the case of the carotid artery, CFA, and SFA or a subsequent increase in Jagged content in the case of the brachial artery. The changes in Notch and Jagged with increasing wall thickness resulted in a decrease in Delta contents due to Delta--Notch signaling, and an increase in NICD levels primarily due to Jagged--Notch signaling. The threshold NICD content that discriminates between S and S/R states was reached at different wall thicknesses for each artery, which explains the differences in predicted transition thickness across the different investigated arteries.

Using the stress--strain relationships and average lumen radii of the older subjects resulted in a similar switch-type behavior in terms of vascular homeostasis ([Fig. 5 *A--J*](#fig05){ref-type="fig"}). The transition thicknesses in these situations are generally higher compared with the cases where the data for relatively young subjects were incorporated, and again in good agreement with the reported IMT values in the literature ([Fig. 5*K*](#fig05){ref-type="fig"}). Here, the best and worst correspondences were found for the brachial artery (predicted transition thickness of 0.37 mm vs. a measured IMT of 0.41 mm) and the carotid artery (predicted transition thickness of 0.60 mm vs. measured IMT values of 0.72 to 0.76 mm), respectively ([Fig. 5*K*](#fig05){ref-type="fig"} and [Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)). As only the quantitative relationship between stress and strain was different here, the protein levels followed similar patterns as in [Fig. 4](#fig04){ref-type="fig"}, with Notch and particularly Jagged levels rising quickly upon an increase in wall thickness due to the decrease in mechanical stress and corresponding increase in Jagged and Notch production rates ([Fig. 5*L*](#fig05){ref-type="fig"}). In addition, within the investigated range of wall thicknesses, Notch levels in the radial artery appeared to decrease slightly after the initial increase upon increasing wall thickness, and the Jagged content in the same artery exhibited a steady increase at high wall thicknesses.

![Predictions of Notch signaling in the vascular wall using the stress--strain relationship derived for older individuals. Individual and percentages of cell states for different wall thicknesses of the (*A* and *B*) carotid artery, (*C* and *D*) CFA, (*E* and *F*) SFA, (*G* and *H*) brachial, and (*I* and *J*) radial artery. (*K*) Percentage of S/R state VSMCs in the model (solid lines) in comparison with the reported range of IMT values for different arteries (shaded areas; see [Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)). (*L*) Average protein contents as a function of wall thickness as predicted for the different arteries. *A*, *C*, *E*, *G*, and *I* represent the results of individual simulations, where alternating cell states may randomly occur around the transition thickness as slightly varying NICD levels are close to the S-S/R threshold. *B*, *D*, *F*, *H*, *J*, *K*, and *L* are based on the results averaged over 25 simulations. molec, number of molecules.](pnas.1715277115fig05){#fig05}

Collectively, these predictions reveal that mechanosensitivity of Jagged--Notch signaling leads to a switch-type behavior in vascular homeostasis, where the transition thickness varies between different arteries due to differences in lumen radius. Interestingly, these transition thicknesses correspond fairly well with the reported IMT values of the different arteries, suggesting that Jagged--Notch mechanosensitivity may be one of the important biological mechanisms responsible for establishing physiological wall thicknesses and vascular homeostasis.

Magnitude of Transition Thickness Mainly Depends on Mechanosensitivity of Notch. {#s5}
--------------------------------------------------------------------------------

To evaluate the potential necessity of having both stress-/strain-dependent production rates of Jagged and Notch, we performed simulations with the included mechanosensitivity of either Jagged or Notch, in comparison with having mechanosensitivity of both protein production rates. As the qualitative impact is independent of the choice of the stress--strain relationship (young vs. old) and the actual lumen radius, we used the stress--strain coupling assumed for young individuals and adopted an arbitrary radius of 3 mm for these simulations while presenting the variations in wall thickness in a normalized form as IMT/radius ([Fig. 6](#fig06){ref-type="fig"}).

![Predictions with mechanosensitivity of (*A*) both Jagged and Notch, (*B*) only Notch, and (*C*) only Jagged. (*D*) Percentage of VSMCs with the S/R state as a function of relative wall thickness. Average (*E*) Jagged and (*F*) Notch contents as a function of relative wall thickness. molec, number of molecules.](pnas.1715277115fig06){#fig06}

As in *Mechanosensitivity of Jagged*--*Notch Signaling*, including the mechanosensitivity of both Jagged and Notch results in an S state for all VSMCs at low wall thicknesses, except for the first one or two VSMCs adjacent to the EC, with a sudden transition toward a predominantly S/R state beyond the transition thickness ([Fig. 6*A*](#fig06){ref-type="fig"}). Elimination of the mechanosensitivity of Jagged preserves this switch-type behavior in terms of cell fate, although a minor (10%) decrease in transition thickness was predicted ([Fig. 6 *B* and *D*](#fig06){ref-type="fig"}) due to the relatively high Jagged levels that lead to more *cis* and *trans* interactions with Notch, and ultimately lower Notch contents ([Fig. 6 *E* and *F*](#fig06){ref-type="fig"}). The combination of lower Notch and higher Jagged contents results in preservation of the S/R state in most of the VSMCs, except for the cell adjacent to the EC due to the exposure to the original (i.e., lower) EC Jagged content.

Elimination of Notch mechanosensitivity was predicted to preserve the switch-type behavior as well, although its elimination has a more notable effect (44% decrease) on the predicted transition thickness ([Fig. 6 *C* and *D*](#fig06){ref-type="fig"}). In contrast to the elimination of Jagged mechanosensitivity, here the reduction in transition thickness is resulting from considerable increases in Notch levels upon eliminating Notch mechanosensitivity, which leads to increased signaling and a notable decrease in Jagged contents ([Fig. 6 *E* and *F*](#fig06){ref-type="fig"}). Also in this case, the S/R state is preserved for almost all VSMCs except for the one adjacent to the EC. Since the EC Jagged content is higher than the Jagged content of the VSMCs, here the increased Notch content leads to the adoption of the R state ([Fig. 6*C*](#fig06){ref-type="fig"}).

Taken together, these simulations suggest that the switch-type behavior of Jagged--Notch signaling as a result of mechanosensitivity not only follows from the combined decreases in Jagged and Notch production rate with strain but also from the individual reductions in production rate of either Jagged or Notch. Importantly, the magnitude of the predicted transition stretch, which corresponds fairly well to the reported IMT values in the literature, appears to primarily depend on mechanosensitivity of the Notch production rate.

Discussion {#s6}
==========

Mechanistic understanding of vascular remodeling and homeostasis is required to understand healthy vascular morphogenesis and pathologies, and provide design guidelines in vascular tissue engineering. One of the major challenges is the integration of complex cellular processes and changes in mechanical conditions into predictive and robust models of physiology and pathophysiology. Here, we have developed a computational model of muscular arteries that incorporates mechanics and cell--cell signaling related to homeostasis. Our experimental data demonstrate that expression of Notch signaling components is controlled by mechanical stimuli, and incorporating these findings into the computational model reveals that mechanics and Notch signaling integrate in the control of vascular morphogenesis and homeostasis.

We quantified the expression of Notch ligands, receptors, and target genes in VSMCs over a range of strains. The quantification of strains in individual samples accommodated variability within the setup, and enabled the fitting of a strain response curve to the imposed strain range. We used exponential curves to fit the gene expressions that resulted in best fits for the majority of genes that were significantly changed. The experimentally determined mechanosensitivity of Notch3 and Jagged1 was translated into the mechanosensitivity of the protein production rates in the computational model. Interestingly, Dll1 demonstrated a nonsignificant increase in expression levels with strain. An increase in Dll1 expression is to be expected with the observed decrease in expression of Notch target genes. The absence of significance is likely due to the low absolute Dll1 expression levels in VSMCs ([@r18]). Of note, we did not take into account regulatory steps that can occur during mRNA-to-protein conversion. These steps can be relevant in Notch signaling, as not in all cases do protein levels follow mRNA expression. Especially when regulation of this conversion is also mechanosensitive, this will need to be taken into account in future improvements of the model.

Computational modeling was used to evaluate the potential impact of the experimentally observed reduction in gene expression levels of Jagged1 and Notch3 on vascular homeostasis. Our computational framework was an adapted version of the earlier models developed by Sprinzak et al. ([@r33]) and Boareto et al. ([@r34]), and allowed for predicting the *cis* and *trans* interactions of Jagged and Delta with Notch and their subsequent effects on the individual production rates. As a first step, a relatively simple 1D approach was adopted where an EC was connected to multiple layers of VSMCs that communicated with each other. The experimentally derived relations between Jagged1 and Notch3 gene expressions of VSMCs and strain informed the production rates in the model via assumed relations between stress and strain.

As the aim of the current study was to explore the potential impact of the integration of mechanics and Notch signaling in the establishment of vascular homeostasis, we deliberately used a relatively simple computational approach to study the general consequences of the experimental observations for vascular structures. One of the limitations of the current framework is the relatively simple treatment of vascular mechanics. The average stress could be calculated from Laplace's law, the vascular geometry, and pressure conditions, but the translation of this stress to the strain measured in the experiments was less straightforward. The linear stress--strain relation that was currently assumed based on the in vivo estimation of stresses and strains in carotid arteries is not representing the well-known nonlinear material response of cardiovascular tissues. Additionally, potential spatial heterogeneities in mechanical state (e.g., larger strains near the lumen than on the outer side) were not taken into account. In future studies, the current framework should therefore be coupled to 2D/3D macroscopic mechanical models to more accurately capture the local (variations in) stresses and strains in vascular tissue, e.g., using multiscale frameworks ([@r42][@r43]--[@r44]). Other limitations include the fact that we defined cell states in the model using the original NICD thresholds proposed in Boareto et al. ([@r34]), which may not necessarily be representative for VSMCs, and our assumption that the EC Jagged content is insensitive to mechanical cues. Particularly, the latter assumption may need adjustments, as fluid shear stress acting on ECs is known to be of vital importance for vascular remodeling ([@r45]). Future studies should elucidate whether and how these assumptions need to be adapted.

Both Notch3 and Jagged1 as well as the downstream target genes HES1, HEY1, and HEY2 demonstrated a down-regulation upon applied strain ([Fig. 2](#fig02){ref-type="fig"}). Interestingly, the target genes showed a stronger reduction with strain, implying that the different genes measured may be dependent on different upstream interactions with other activating signaling pathways that have a different mechanosensitivity. On the other hand, there may be further posttranslational steps in Notch activation that are mechanosensitive and can further enhance the activating effect upon the Notch target genes. Jagged1 mediated activation is specifically interesting in this, as it shows catch bond behavior ([@r23]). Moreover, we found strain-dependent inhibition of Notch3 and Jagged1 expression, but not for Notch1 or Notch2. This differential sensitivity of Notch receptors to cell stretch can cause different cell fates under different hemodynamic conditions. Notch2 and Notch3 have opposing effects on cell proliferation and survival, and similar mechanisms may be in place for regulation of the contractile fate ([@r46]). Strain sensitivity of Notch1 expression in VSMCs has been reported before ([@r31]), but this may reflect distinct responses of VSMCs of different origin, and does also result in a general down-regulation of Notch activity upon strain. As VSMCs have a heterogeneous developmental origin ([@r47]), and expression of specific Notch proteins is highly dependent on the developmental origin of a tissue, other mechanosensitive behavior may also occur. Specific physiological versus pathological strain ([@r48]) and Notch signaling dose may result in more complex outcomes in cell phenotype, e.g., through HEY1/2 mediated feedback loops inhibiting contractility, that may become activated at higher levels of Notch activation ([@r49]). Additionally, cross-talk with other signaling pathways occurs, such as with platelet-derived growth factor (PDGF) signaling, a known inducer of VSMC proliferation and migration. Notch activation induces expression of PDGF receptor $\beta$ (PDGFR-$\beta$) in VSMCs, whereas subsequent PDGF induction leads to down-regulation of both Notch3 and PDGFR-$\beta$ ([@r50], [@r51]). This could, in future refinements, be included in the model.

Without including the observed decrease in expression levels of Jagged1 and Notch3 in the model, our predictions suggest that there is no spatial limit for lateral induction of Jagged--Notch signaling in the vascular wall. Consequently, vascular homeostasis would be independent of wall thickness and mechanical conditions, which implies that there would be no preference for adopting any specific wall thickness. This result does not match with in vivo observations where mutations or elimination of Jagged1 or Notch3 have been confirmed to induce considerable changes in vascular geometry and differentiation status ([@r52], [@r53]). Including the mechanosensitivity of Jagged and Notch in the model based on our in vitro data resulted in a switch-type behavior with a steep transition of primarily synthetic (S) toward contractile (S/R) VSMCs at a certain wall thickness. Importantly, the magnitude of this transition thickness varied per artery and agreed remarkably well with IMT values of different arteries as quantified in vivo. These predictions therefore suggest that Jagged--Notch signaling may be a key mechanism in the establishment of vascular morphogenesis and homeostasis. Our predictions further indicated that this switch-type nature of Jagged--Notch signaling arises from the individual reductions of both Jagged and Notch production with strain, although the magnitude of the transition thickness is primarily determined via Notch mechanosensitivity. Obviously, future studies should investigate whether manipulations of other components of the Notch signaling pathway could induce a similar behavior. For example, changes in the strength of *cis* interactions could affect the signaling state and thereby the presence of homeostasis as well ([Fig. S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)). Still, the results of the present study indicate that mechanosensitivity of Jagged and Notch production rates by themselves are sufficient to induce this switch-type behavior.

The data, therefore, suggest that the mechanosensitivity of Notch regulates a phenotypic switch in VSMCs, where the Notch dose determines the VSMC phenotype. This is in line with the dose sensitivity of the pathway and explains how Notch signaling facilitates cell fate decisions and drives context-dependent tissue patterning ([@r33]) and homeostasis. The data also indicate that some Notch components might be more sensitive and exhibit a stronger power over phenotypic decisions in the vessel wall, and that in-depth knowledge of the function of individual Notch components and the Notch profiles in different developmental and disease settings is needed. Importantly, the data highlight that in-depth knowledge of the interplay between mechanics and Notch status is important for rational targeting of Notch in vascular morphogenesis, pathologies, and regeneration, and emphasize the need for mechanical tuning in tissue engineering to remain within certain strain/stress thresholds to obtain proper maturation and establish functional tissue homeostasis. The model and future developments thereof can also provide new insights into previously unexplained mutant behaviors linked to vascular disease, e.g., Alagille (Jagged1) and Cadasil (Notch3).

Taken together, we presented a first attempt to model the complex interactions between cell signaling and mechanics in vascular morphogenesis and homeostasis. We integrated experimental data and modeling and included quantitative analyses of the mechanosensitivity of the Notch signaling pathway. The model certainly has a number of simplifications and limitations as outlined above, but nevertheless constitutes a promising first approach to reveal the impact of the integration of mechanics and Notch signaling informed by experimental data, and suggests the presence of a switch-type behavior of Jagged--Notch signaling in establishing arterial homeostasis.

Materials and Methods {#s7}
=====================

Cell Culture. {#s8}
-------------

Coronary artery smooth muscle cells were cultured in 231 medium supplemented with smooth muscle growth serum (Gibco). Culture took place in humidified, 5% CO~2~ air at 37 ^∘^C. Cells were passaged when 80 to 90% confluent, and used in experiments at passage 5 to 7.

Stretch Experiment. {#s9}
-------------------

Uncoated Bioflex six-well plates (Flexcell) were coated with 2.2 $\mu$g/cm^2^ of bovine fibronectin (Alpha Aesar) on 2.5 cm^2^ in the center of the well. The rest of the well surface was treated with 1% pluronic F127 (Sigma) in PBS for 1 h at room temperature to prevent aspecific adhesion. Cells were seeded at a density of 20.000 cells per cm^2^ and were left to attach overnight. Medium was refreshed the next morning. The plates were mounted on circular 25-mm posts and stretched with the Flexcell system at 1 Hz for 24 h.

Stretch Quantification. {#s10}
-----------------------

The displacement of each well was tracked by marking the membranes with graphite and recording displacement with a camera. Displacement of each stretched well was analyzed by using GDIC software ([@r54][@r55]--[@r56]). The deformation gradient tensor was determined via fitting a polynomial function to the images (10 frames per second). Subsequently, the Green--Lagrange strain was calculated from $\mathbf{E}_{GL} = {{1/2}\left( {{\mathbf{F}^{T} \cdot \mathbf{F}} - \mathbf{I}} \right)}$ with $\mathbf{F}$ as the deformation gradient tensor and $\mathbf{I}$ as the identity tensor. Eigenvalues of the strain per well were calculated and averaged to obtain a representative measure of the applied strain per well during the experiment.

cDNA Synthesis. {#s11}
---------------

RNA was isolated by Trizol (Invitrogen) as per manufacturers' protocol and stored at −80 ^∘^C until further processing. Concentrations and purity of RNA were measured by nanodrop, with concentrations ranging from 60 ng/$\mu$L to 270 ng/$\mu$L; 200 ng of RNA was converted into cDNA in a reaction containing 8 ng/$\mu$L of RNA, 50 mM Tris (pH 8.3), 75 mM KCl, 3 mM MgCl2, 0.5 mM dNTPs (Invitrogen), 2 ng/$\mu$L of random hexamers (Promega), 10 mM dithiothreitol, and 100 U Moloney murine leukemia virus reverse transcriptase (Invitrogen). cDNA was synthesized on a C1000 thermal cycler (Bio-Rad).

qPCR Analysis. {#s12}
--------------

The produced cDNA was used as a template in a real-time quantitative polymerase chain reaction (qPCR). cDNA samples were cycled in 10-$\mu$L reactions by a C1000 thermal cycler (Bio-Rad) measured by a CFX 384 real-time system. Reactions contained 2.5 ng of RNA converted into cDNA as template and 0.2 $\mu$M of forward and reverse primers in iQ SYBR Green Supermix (\#170-8886; Bio-Rad). Primers were designed to target separate exons of the transcripts of interest and to generate 50- to 150-bp-long amplicons. Amplification efficiencies and dissociation curves of all primers were verified using a 2.5-ng to 78-pg dilution series of RNA converted to cDNA, and the amplicon product size was verified on an agarose gel, with verification of a nontemplate control. Specifications of primers are given in [Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental). The qPCR program consisted of an incubation of 3 min at 95 ^∘^C, followed by 40 cycles of 20 s at 95 ^∘^C, 20 s at 60 ^∘^C, and 30 s at 72 ^∘^C. After these cycles, a dissociation curve was made by ramping from 65 ^∘^C to 95 ^∘^C to test for correct dissociation peaks. The qPCR curves were analyzed in the Bio-Rad CFX v2.0 software. As reference genes, we used noncommercial primers targeting GAPDH and AluJ-repeats, and commercial primers targeting ATP and B2M (Primer Design). Quantification cycles (Cqs) were determined by thresholding at 100 relative fluorescence units after baseline correction, within the exponential part of the curve. Baseline and threshold determination were performed per primer pair. The Cq values were normalized for the reference genes by relative quantification ([@r57]).

Computational Framework of Jagged--Delta--Notch Signaling. {#s13}
----------------------------------------------------------

To analyze and predict the dynamics of Notch signaling in the vascular wall, we adopted a 1D approach with one EC on the luminal side of the wall and multiple layers of VSMCs (with cell 1 adjacent to the EC) toward the outer end. The relevant protein levels (Notch, Jagged, Delta, and NICD) were predicted for every individual cell and allowed to interact with neighboring cells on both sides of each cell. Specifically, the changes of the Notch ($N$), Delta ($D$), Jagged ($J$), and NICD ($I$) contents in cell $i$ with time $t$ were described by the following differential equations ([@r34]):$$\frac{dN_{i}}{dt} = {{N_{pr}H^{S}{(I_{i},\lambda_{N},n_{N})}} - {k_{c}N_{i}D_{i}} - {k_{t}N_{i}D_{{ext},i}} - {k_{c}N_{i}J_{i}} - {k_{t}N_{i}J_{{ext},i}} - {\gamma N_{i}}}$$$$\frac{dJ_{i}}{dt} = {{J_{pr}H^{S}{(I_{i},\lambda_{J},n_{J})}} - {k_{c}J_{i}N_{i}} - {k_{t}J_{i}N_{{ext},J,i}} - {\gamma J_{i}}}$$$$\frac{dD_{i}}{dt} = {{D_{pr}H^{S}{(I_{i},\lambda_{D},n_{D})}} - {k_{c}D_{i}N_{i}} - {k_{t}D_{i}N_{{ext},D,i}} - {\gamma D_{i}}}$$$${\frac{dI_{i}}{dt} = {{{k_{t}N_{i}D_{{ext},i}} + {k_{t}N_{i}J_{{ext},i}}} - {\gamma_{I}I_{i}}}}.$$Here, $N_{pr}$, $J_{pr}$, and $D_{pr}$ represent the production rates of Notch, Jagged, and Delta, respectively, which were assumed to be constant without mechanosensitivity. The strength of *cis* and *trans* interactions is governed by parameters $k_{c}$ and $k_{t}$, respectively, and the degradation of the proteins is described by parameter $\gamma$ in case of the transmembrane proteins Notch, Delta, and Jagged, and by $\gamma_{I}$ in case of NICD. The activation (Jagged, Notch) or suppression (Delta) of the production rates upon signaling is described by shifted Hill functions for which the general form is given by ([@r34])$${H^{S}{(I,\lambda,n)}} = {{H^{-}{(I,\lambda,n)}} + {\lambda H^{+}{(I,\lambda,n)}}}$$$${H^{-}{(I,\lambda,n)}} = \frac{1}{1 + {({I/I_{0}})}^{n}}$$$${H^{+}{(I,\lambda,n)}} = {1 - {H^{-}{(I,\lambda,n)}}}$$where parameter $\lambda$ defines the maximum fold change in production rate ($\lambda > 1$ for activation and $\lambda < 1$ for suppression), and parameters $I_{0}$ and $n$ define the transition point and sensitivity of the change in production rate as a function of the NICD content, respectively.

The *trans* interactions occur with proteins located on the membranes of neighboring cells. Notch and Delta were assumed to be distributed equally over the cell membrane, where half of the amount is available for binding with each of its neighbors. Hence, the external Delta content for cell $i$ that is available for Delta--Notch signaling is given by$$D_{{ext},i} = {\frac{1}{2}\left( {D_{i - 1} + D_{i + 1}} \right)}$$and the available external Notch content for Delta--Notch signaling equals$${N_{{ext},D,i} = {\frac{1}{2}\left( {N_{i - 1} + N_{i + 1}} \right)}}.$$

Jagged--Notch signaling was modeled in a different way compared with the earlier work of Boareto et al. ([@r34]), due to the assumption that Jagged clusters on the outer side of VSMCs in any mechanically stimulated (i.e., in vivo) situation ([@r14], [@r20]). As a result of this assumption, the external Jagged content that cell $i$ can interact with is provided only by the cell on the luminal side of the VSMC,$${J_{{ext},i} = J_{i - 1}}.$$Another consequence of the polarized clustering is that the Jagged proteins can only interact with the Notch proteins of the cell on the outer side of cell $i$. In analogy with the homogeneous distribution of Notch and the external Notch content for Delta--Notch signaling, we assumed that only half of the Notch content of the outer neighbor is available for interaction with the Jagged proteins of cell $i$,$${N_{{ext},J,i} = {\frac{1}{2}N_{i + 1}}}.$$The parameter values that regulate the dynamics of Jagged--Delta--Notch signaling in VSMCs were all adopted from Boareto et al. ([@r34]), except for the Delta production rate that was set to an arbitrarily low value as Delta expression has been reported to be low for VSMCs ([@r18]) ([Table 2](#t02){ref-type="table"}). For the EC, only the Jagged content was described, as this serves as kickoff for the lateral induction process ([@r14], [@r20]). For this, a constant value was assumed equal to the average predicted Jagged content in the VSMCs in absence of mechanical stimuli ([Table 2](#t02){ref-type="table"}). A similar sensitivity analysis as in Boareto et al. ([@r34]) was performed to assess the robustness of the model with its current assumptions and parameter settings ([Fig. S6*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)). The changes in NICD levels in response to 10% variations in parameter values are in the same range as those of the original model ([@r34]).

###### 

Parameter values used in the computational framework

  Parameter       Value
  --------------- -------------------------
  $N_{pr}$        1,400 h^−1^
  $D_{pr}$        100 h^−1^
  $J_{pr}$        1,600 h^−1^
  $k_{c}$         5 $\times$ 10 $$h^−1^
  $k_{t}$         2.5 $\times$ 10 $$h^−1^
  $\gamma$        0.1 h^−1^
  $\gamma_{I}$    0.5 h^−1^
  $\lambda_{N}$   2.0
  $\lambda_{D}$   0.0
  $\lambda_{J}$   2.0
  $n_{N}$         2.0
  $n_{D}$         2.0
  $n_{J}$         5.0
  $I_{0}$         200

With regard to the initial conditions, the protein levels for each cell were randomly chosen between 0 and 6,000 molecules for Jagged, Delta, and Notch, and between 0 and 600 molecules for NICD ([@r34]). The wall thickness was varied between 1 and 100 VSMCs, representing a range of media thicknesses of 0.01 mm to 1 mm ([@r41]). The differential equations were solved for 0 $< t \leq$ 250 h (equilibrium was established in all cases) using an explicit time integration scheme with a time step of 0.01 h. Simulations were repeated 25 times for each thickness with different (random) initial conditions.

Including Mechanosensitivity in the Computational Framework. {#s14}
------------------------------------------------------------

The production rates of Jagged and Notch were adapted as follows to incorporate the experimentally observed decreases in gene expression:$$J_{{pr},{mech}} = {J_{{pr},{nomech}}{\exp\left( {A_{J}\frac{\varepsilon_{p}}{\sigma_{p}}\sigma_{\theta}} \right)}}$$$${N_{{pr},{mech}} = {N_{{pr},{nomech}}{\exp\left( {A_{N}\frac{\varepsilon_{p}}{\sigma_{p}}\sigma_{\theta}} \right)}}}.$$Here, $J_{{pr},{nomech}}$ and $N_{{pr},{nomech}}$ represent the default production rates without including mechanosensitivity ([Table 2](#t02){ref-type="table"}), $A_{J}$ and $A_{N}$ are the fitted parameters defining the decrease in gene expression of Jagged1 and Notch3, respectively, with strain, and $\sigma_{\theta}$ is the average circumferential stress in the vascular wall as calculated with Laplace's law,$$\sigma_{\theta} = \frac{pr}{h}$$with $p$ as the pressure, $r$ as the internal (lumen) radius, and $h$ as the wall thickness (i.e., IMT in our simulations). Parameters $\varepsilon_{p}$ and $\sigma_{p}$ are the average physiological in vivo strain and stress (either for young or old individuals), where the strain was obtained from the literature ([Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)) and the stress was estimated from the pressure and measured IMT ([Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)). A sensitivity analysis with 10% variations in parameter values indicated that the predicted transition thickness is relatively insensitive to the parameters associated with mechanosensitivity of Notch signaling, implying that minor changes in any of the introduced parameters as identified from experiments would not induce dramatic changes in predicted homeostatic thickness ([Fig. S6 *B* and *C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715277115/-/DCSupplemental)).

Data Availability. {#s15}
------------------

All data, protocols, and numerical code have been stored at SURFdrive, a personal cloud storage service for the Dutch education and research community (<https://surfdrive.surf.nl/files/index.php/s/Yel6AZFu78dvy25>).
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